Locomotion and mating ability are crucial for male reproductive success yet are energetically costly and susceptible to physiological stress. In the Sierra willow beetle Chrysomela aeneicollis, male mating success depends on locating and mating with as many females as possible. Variation at the glycolytic enzyme locus phosphoglucose isomerase (Pgi) is concordant with a latitudinal temperature gradient in these populations, with Pgi-1 frequent in the cooler north, Pgi-4 in the warmer south, and alleles 1 and 4 in relatively equal frequency in areas intermediate in geography and climate. Beetles experience elevated air temperatures during a mating season that causes differential physiological stress among Pgi genotypes, and running speeds of individuals homozygous for Pgi-4 are more tolerant of repeated thermal stress than individuals possessing Pgi-1. Here the importance of running behavior for male mating activity was examined, and differential effects of thermal stress among Pgi genotypes on male mating activity were measured. In nature, males run more than females, and nearly half of males mate or fight for a mate after running. In the laboratory, mating activity was positively correlated with running speed, and repeated mating did not reduce running speed or subsequent mating activity. Males homozygous for Pgi-4 mated longer and more frequently after heat treatment than 1-1 and 1-4 males. All heat-treated males had lower mating frequencies and higher heat shock protein expression than control males; however, mating frequency of recovering 4-4 males increased throughout mating trials, while treated 1-1 and 1-4 males remained low. These results suggest that effects of stress on mating activity differ between Pgi genotypes, implying a critical role for energy metabolism in organisms' response to stressful temperatures.
Introduction
Environmental temperature has an important limiting effect on the performance, reproductive success, and distribution of many organisms (Hochachka and Somero 2002) . This is especially true in unpredictable environments, where exposure to extreme temperature variation can alter survival, impair physiological performance, and reduce survival or reproductive output (Dillon et al. 2007; Musolin 2007; Lachenicht et al. 2010; Kallioniemi and Hanski 2011; Zizzari and Ellers 2011) . Small ectotherms (e.g., insects) may be particularly vulnerable to physiological effects of environmental temperature variation because behavioral thermoregulation is less effective for controlling body temperature than in larger ectotherms (Stevenson 1985; Chown and Nicolson 2004) . The ability of insect populations to respond to a changing environment depends in part on the ability of adults to reproduce successfully while facing stressful conditions. Prior studies have documented effects of temperature variation on female fecundity and male mating frequency (Watt et al. 1985; Watt 1992; Mahroof et al. 2005; Dahlhoff et al. 2008 ) and shown that locomotion plays an important role in reproductive success of some ectotherms (Gibert et al. 2001; Michalak et al. 2001; Watt et al. 2003; Feder 2010; Feder et al. 2010) . Few studies have directly quantified the effects of environmental temperature variation on the relationship between mating and locomotion.
In order for natural populations of ectotherms to respond effectively to a changing thermal environment, there must be sufficient genetic variation in traits under natural selection (Huey and Kingsolver 1993; Loeschcke et al. 1997; Hoffmann et al. 2003; Fasolo and Krebs 2004) . Multiple studies have identified the gene phosphoglucose isomerase (Pgi), which codes for a dimeric enzyme (PGI) whose activity is central to glucose metabolism, as one candidate for understanding how natural populations respond to environmental temperature variation (Watt 1992; Mitton 1997; Haag et al. 2005; Karl et al. 2009; Niitepold et al. 2009; Saastamoinen et al. 2009; Niitepold 2010) . Variation at Pgi has been associated with differences in metabolic rate, dispersal ability, oviposition, life span, and larval development (Watt 1983 (Watt , 1992 Watt et al. 1983 Watt et al. , 1985 ; Haag
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Figure 1. Diurnal temperature variation during peak mating season. Data shown are twenty-fifth-to seventy-fifth-percentile box plots calculated from hourly means of air temperatures measured during field behavioral observations (June 17-26, 2008) . Maximum and minimum hourly temperatures during this period are shown as error bars, median hourly temperatures as a horizontal line in each box. Statistical outliers are shown as single data points. Saastamoinen and Hanski 2008; Niitepold et al. 2009; Saastamoinen et al. 2009; Niitepold 2010 ). The role of Pgi variation in flight activity associated with mating has also been reported for several species of butterflies; mating flights occur at specific air temperatures in most species and are impaired by temperatures that are too high or variable Boggs and Murphy 1997; Saastamoinen et al. 2008; Niitepold et al. 2009; Niitepold 2010) . To date, differential effects of thermal stress on male mating success among Pgi genotypes have not been experimentally measured.
Here we investigate effects of temperature variation on male mating success in Sierra Nevada, California, populations of the willow leaf beetle Chrysomela aeneicollis (Brown 1956 ). The mating system of this beetle is best described as scramble competition (Rank et al. 2006) . Fast, active males maximize their reproductive success by encountering more females than slower, less active males. Thus, in scramble mating systems, speed is a critical component of male reproductive success. Furthermore, mating activity (copulation, mate guarding) and the locomotion associated with it (running, flying) are typically the most energetically demanding activities conducted by these males (Partridge and Farquhar 1983; Sartori et al. 1992; Marden and Rollins 1994) . In Sierra willow beetles, exposure to potentially stressful temperatures during mating season (Rank and Dahlhoff 2002; Dahlhoff et al. 2008 ) may disrupt the balance between energetically demanding mating activities and maintenance behaviors (e.g., sitting and eating) and thereby reduce subsequent male mating success.
Prior studies strongly suggest that Pgi is under natural selection in Sierra willow beetle populations (Neargarder et al. 2003; McMillan et al. 2005; Dahlhoff and Rank 2007; Rank et al. 2007; Dahlhoff et al. 2008) . Two Pgi alleles are prevalent in these populations. Pgi allele 1 (Pgi-1) is present in high frequency at populations living in northern, cooler sites and Pgi allele 4 (Pgi-4) in southern, warmer sites. Pgi alleles 1 and 4 are in relatively equal frequency in populations intermediate in geography and climate (Rank 1992; Dahlhoff and Rank 2000) . PGI allozymes differ in effects of temperature on enzyme stability and kinetics, and differences among Pgi genotypes in thermal tolerance, heat shock protein (Hsp70) expression, larval growth and survival, metabolic rate, running speed, and fecundity have been documented; generally, Pgi 1-1 and 1-4 individuals perform best under mild conditions or after a single stress, 4-4 homozygotes under extreme conditions or after repeated stress (Neargarder et al. 2003; McMillan et al. 2005; Rank et al. 2007; Dahlhoff et al. 2008) . It is therefore likely that PGI, a glycolytic enzyme critical for energy metabolism, plays an important role in energetic activities associated with male mating behavior.
This study was executed in three phases. First, mating behavior was observed in nature to examine differences in male and female activity and to assess the role of running in male mating behavior. Variation in ambient temperature was measured to assess typical thermal conditions experienced in nature during mating. Second, to test the hypothesis that both running and mating are energetically demanding behaviors important for male mating success and that there may be energetic tradeoffs between the two behaviors when conditions are stressful, running speed was measured immediately after field collection and after repeated mating with multiple females. Effects of repeated mating and running were then compared between Pgi genotypes before and after heat treatment. Third, to quantify differences among Pgi genotypes in recovery of mating activity after heat stress, males were first acclimated to mild laboratory conditions and then mating activity was compared between males treated with a temperature known to cause physiological stress and nontreated controls. In this experiment, expression levels of a 70-kD Hsp70 were measured to confirm that experimental temperature treatment was physiologically challenging.
Material and Methods

Study Populations and Sample Collection
Beetle populations were studied in Bishop Creek (BC), Eastern Sierra Nevada, California (Bluff Lake: 37Њ10 37.6 N, 118Њ33 04.5 W; 3,200 m). Populations are in Hardy-Weinberg equilibrium with respect to Pgi ( for all comparisons), P 1 0.9 and Pgi alleles 1 and 4 are found in approximately equal frequency in BC (Rank 1992; Dahlhoff et al. 2008) . Pgi allele frequencies at these sites are sensitive to seasonal and decadal changes in climate (Dahlhoff et al. 2008 ) but do not shift throughout the course of the day (N. E. Rank and E. P. Dahlhoff, unpublished observations). Beetles were collected from ) and females (open bars; C, D; ) n p 510 n p 156 engaging in common behaviors. Sitting paired males (A) were "mate guarding" and were always sitting on the female's back. Seventy-two percent of paired females (C) observed sitting, feeding, or running were also copulating with a male. the field and returned to the Owens Valley laboratory of White Mountain Research Station in Bishop, California. For experiments examining relationships between mating frequency and running speed, beetles were collected on June 24 and 26, 2006, and immediately measured in the laboratory. Daytime air temperatures were measured every 30 min 3 d before collection using automated loggers deployed in thermal shields (Hobo Pendant loggers, Onset Computer, Pocasset, MA) to verify that thermal conditions were similar between collection days. For experiments examining recovery of mating activity after heat stress, beetles were obtained in four separate collections from June 17 to June 24, 2007, and acclimated to laboratory conditions for 3 d. For both experiments, sexes were separated and beetles kept in petri dishes containing fresh leaves from their favored host Salix orestera.
Behavior in Nature
Field observations were conducted between 1030 and 1330 hours on June 17-26, 2008, during peak adult abundance, which was determined using published methods (Dahlhoff et al. 2008) . Three separate willow patches located along a creek flowing out of Bluff Lake were surveyed each day (1 h per locality). Observers walked along the creek transect, visually scanning willow foliage, noting paired and unpaired males and females, and recording relevant behavior(s) for each individual: sitting, feeding, running, mating, or fighting. The behavior of 665 individuals was documented. Individual running surveys were conducted in these same three patches. An observer walked up to a willow at random, and the first running beetle observed was followed for 15 min, or until it stopped running; its next behavior was then recorded. If a running male initiated a fight with a resident mating male, duration of the fight was recorded. Behavior after running of more than 100 individuals was recorded; we report activity of beetles that ran continuously for at least 2 min after they were first observed running ( ). Air temperatures were measured throughout field N p 66 observations using a shielded temperature logger deployed at the site. ) engaging in common behaviors after being n p 18 observed running for at least 2 min. 
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Mating Frequency versus Running Speed
This experiment was designed to the re-create the experience of males in nature while being exposed to temperatures known to alter running speed among PGI genotypes (Rank et al. 2007) . For these and all other laboratory experiments, beetles were given access to fresh S. orestera leaves at all times except during temperature treatments (or controls), when males were held in dishes with moist paper towels. Two experimental trials were run, and each trial took 2 d to complete. On day 1, males were collected and running speed immediately measured in a controlled-temperature room ( C) following published 20Њ ‫ע‬ 2Њ methods (Rank et al. 2007 ). Briefly, males were placed on a 1-inch wooden dowel with a full-spectrum light at the top. Males voluntarily run toward the light when placed on the pole. They were allowed to run at least 5 cm before starting measurement; running speed was calculated as time it took a male to travel the next 10 cm. After the initial running speed measurement (run 1), the first mating trial was conducted (mating trial 1, "preheat treatment"). Each male was allowed to mate with three different females, 1 h each. Running speed was measured immediately after this first mating trial (run 2), and males and females were then held overnight at 4ЊC. On day 2, running speed was measured (run 3), and all males were exposed to a heat treatment (36ЊC, 3 h) in controlled-temperature, lighted incubators (146E low-temperature incubator, Fisher Scientific, Asheville, NC). After heat treatment, males were held for 1 h before running speed was measured again (run 4). Males were then allowed to mate with three additional females, 1 h each (mating trial 2, "postheat treatment"). Running speed was measured a final time (run 5), after which males were weighed and flash-frozen at Ϫ80ЊC for biochemical analysis.
Recovery of Mating Activity after Heat Stress
Male beetles were collected, returned to the laboratory, and acclimated to mild laboratory conditions for 3 d (16L : 8D, 20Њ/ 4ЊC). Males were treated for 4 h at either 36Њ or 20ЊC (control). After heat treatment/control, males were allowed to mate with four different females, 1 h each, and mating frequencies per female were quantified. Males were weighed and flash-frozen at Ϫ80ЊC for biochemical analysis.
Effect of Prior Mating on Running and Subsequent Mating Frequency
To determine whether copious mating would reduce subsequent mating activity or running speed, male beetles were acclimated to mild laboratory conditions for 3 d (16L : 8D, 20Њ/ 4ЊC) and then held for 4 h at 20ЊC with either three females or no females (control). Males were then allowed to mate with four different females, 1 h each, as described above, and mating frequencies per female were quantified. Running speed was measured before and after the four female mating trials.
Measuring Mating Activity
Each male was placed in a petri dish with a single female and fresh willow leaves. Every 4-5 min, a male was scored as mating (copulating with the female) or not mating: walking, feeding, sitting away from the female, or sitting on the female's back (mate guarding). At least 12 observations were made for each , 35, n p 33 12). Males were held with six different females for 1-h mating trials (three each before and after heat treatment, which is indicated as a dashed vertical line). male-female pair during a 1-h period. For all experiments, mating frequency was calculated as the number of times males were observed copulating with the female, divided by the total number of observations made during the hour. For experiments examining relationship between mating and running, number of times the male copulated with the female and duration of each mating event was measured. Mating duration was calculated as follows. Exact start time of each mating trial was noted. If a male was observed mating in that trial and then in the next trial, it was assumed that he was mating through the entire first trial. If he was observed not mating in the next trial, it was assumed that he stopped mating in the middle of that trial. For example, a male observed mating at the beginning of four consecutive trials, each 5 min in length, and then observed not mating the following (fifth) trial mated for 18.5 min.
Data Analyses
All statistical analyses were conducted in JMP Pro 10.0 (SAS, Cary, NC) with the exception of Fisher's exact tests, which were calculated using web-based freeware (http://www.langsrud .com/fisher.htm). Direct relationships between running speed and mating activity were assessed using regression analysis. Effects of repeated running and mating, effects of heat treatment on subsequent mating, and effects of prior mating on running speed and subsequent mating were analyzed using repeatedmeasures ANCOVA, with treatment (heat treatment, three female treatments) as the main effect, male body mass as the covariate, and mating frequency with individual females as the repeated measure (1-6 for running vs. mating, 1-4 for effects of heat treatment and prior mating). Hourly mean temperatures at the field sites were determined from the Hoboware raw data file (Onset Computer) for the period behavioral observations were made in June 2008, as well as for field collections in 2006 and 2007. Enzyme genotype of abdomen tissue was determined by starch gel electrophoresis using established protocols (Rank 1992) . Tissue levels of a 70-kD inducible Hsp70 were measured for thorax using quantitative western blots (Rank et al. 2007 ).
Results
Field Temperatures
During the mating season (2008), air temperatures were relatively mild and consistent from day to day (fig. 1) . Air temperatures increased from sunrise until midday; maximal daytime temperatures did not exceed 25ЊC (at 1400 hours), and minimal nighttime temperature never dropped below 4ЊC (at 0500 hours). There was one night where minimum temperatures were atypically warm (about 8Њ vs. 5ЊC) and one day where it was unusually cool at noon. While beetle body temperature is routinely 3Њ-4ЊC above air temperature during the day, the relationship between air and body temperature is linear at all air temperatures; that is, there is little evidence of behavioral thermoregulation in this small ectotherm (Dahlhoff et al. 2000) . Field temperature data reported here confirm that beetle body temperature was highest when behavioral observations were made and that no extreme thermal conditions occurred during field behavioral observations.
Behavior in Nature
During peak mating season, 46% of adults were observed in mating pairs, copulating or mate guarding. The majority of paired males ( fig. 2A) were mating (e.g., copulating), whereas unpaired males were sitting or running ( fig. 2B ). Unpaired males ran more and fed less than unpaired females ( fig. 2B,  2D ; , , ), and paired males were 2 x p 58.1 df p 488 P ! 0.0001 not observed feeding ( fig. 2A, 2B; , , 2 x p 19.2 df p 273 P ! ). Behavior of unpaired beetles that were first observed 0.0001 running differed between sexes ( fig. 3) . Females never ran for more than 8 min and never mated after running. In contrast, 15% of males ran continuously for more than 15 min, and an additional 40% of males directly engaged in mating-related behavior (mating, mate guarding, or fighting) after running (mating-related vs. non-mating-related behavior; two-tailed Fisher's exact test, ). Fighting was the most common P p 0.002 male behavior observed after running (fig. 3) ; fights lasted an average of 3.5 min.
Mating Frequency versus Running Speed
Males that ran fastest immediately after field collection had the highest mating frequency during the first set of mating trials, females 1-3 (fig. 4; ; , ,
). Males mated zero to two times in their 1 h with P ! 0.0001 a female; less than 5% of males mated more than twice per female, and 36% of males did not mate. The average duration of each pretreatment mating event was min, which 16.7 ‫ע‬ 1. , ). Mating did not reduce running speed, either 2.8 P p 0.03 before or after heat treatment ( fig. 6 ; for all compari-P 1 0.5 sons). Males held with three females (versus nonmated controls) did not mate less frequently with four consecutive females or run slower after mating ( for three-female treatment, N p 30 controls:
for all comparisons). P 1 0.5
Recovery of Mating Activity after Heat Stress
All heat-treated males mated less with their first female than males held at 20ЊC ( fig. 7 ; MANCOVA: treatment # Pgi genotype # mating trial: , ). Mating fre-F p 3.1 P p 0.03 6, 392 quencies of heat-treated Pgi 1-1 and 1-4 males were consistently lower than control males for all four trials ( fig. 7, top, center) , whereas mating frequency of PGI 4-4 heat-treated males was higher than that of controls by the end of mating trials ( fig. 7,  bottom) . Heat-treated males had significantly slower running speeds ( vs. cm/s) and higher Hsp70 ex-0.9 ‫ע‬ 0.06 1.3 ‫ע‬ 0.05 pression ( vs. ng Hsp70/g thorax soluble 33.2 ‫ע‬ 1.6 7.4 ‫ע‬ 1.5 protein) than control males (effect of heat treatment, one-way ANOVA, running speed: , ; Hsp70: F p 9.6 P p 0.002
Discussion
Running speed and mating frequency are important components of male reproductive success in scramble competition mating systems, where males seek out and copulate with as many different females as possible. Results presented here suggest that running is an important component of male mating success in Sierra Nevada populations of the leaf beetle Chrysomela aeneicollis and provide one of the first experimental demonstrations of the differential effects of heat stress on male mating success. They also show that copulation itself does not reduce running speed or subsequent mating activity but that ecologically relevant thermal stress reduces the ability of males to perform energetically demanding activities associated with mating and that these effects differ among Pgi genotypes.
In nature, males engaged in energetically demanding behaviors associated with mating more often than sitting or eating, the most common female behaviors. When a running male found a female, he mated with her, fought with the resident male for the opportunity to mate with her, or sat on her back, which drastically reduced his ability to feed. Energy expended running to seek mates can be considerable in scramble competition mating systems (Lane et al. 2009 (Lane et al. , 2011 , but male willow beetles do not seem to be prevented from running and mating as much as possible when exposed to mild climatic conditions in nature. Males sometimes fight with intruders while paired with a female, though this fighting does not appear to increase subsequent mating success (Rank et al. 2006) . Running is therefore the most energetically demanding activity conducted by male willow beetles during mating season that will increase reproductive success. While we were not able to measure the total number of male mating events in nature as a function of his running speed, we were able to do so in the laboratory; males that ran fastest mated most, and even copious prior mating did not reduce running speed or subsequent mating activity.
Air temperatures during mating season in mid-June 2008 were relatively mild and fairly consistent from day to day; the diurnal temperature profile shows a slow increase in air temperature from sunrise until midday, dropping into evening; freezing temperatures were never observed. Our prior studies have shown that beetle body temperature linearly tracks air temperature (Dahlhoff et al. 2000) , meaning behavioral thermoregulation is limited and thermal conditions that induce physiological stress are sometimes experienced during mating season (Neargarder et al. 2003; Dahlhoff et al. 2008) . During this experiment, temperatures never reached extreme highs (or lows) that may compromise mating activity in other years. It appears that daytime temperatures were high enough to induce active behavior but mild enough to minimize physiological stress. Future studies may allow us to more directly observe responses of stressful conditions in nature, as climatic conditions in the Sierra are becoming more extreme as the result of climate change (Hayhoe et al. 2004) .
Contrary to the expectation that there would be a negative trade-off between mating and running, we found that males that ran fastest mated the most and repeated mating, or the opportunity to mate with many females, did not result in slower running speeds. In addition, mating frequency did not decline after prior, repeated copulations with females. This is similar to lizards, where males with high sprint speeds have greatest reproductive success, although they frequently run to chase off intruder males (Garland et al. 1990; Husak et al. 2008 ). We also found no effect of body size; small males were not faster as in other scramble competition systems (Schulte-Hostedde and Millar 2002). Taken together, this suggests that there may not be an energetic trade-off between running and mating when conditions are mild. It is also possible that faster males mated more often than slow ones due to female choice-a fast male is a "sexy" male; prior studies suggest some evidence of female willow beetles choosing to mate with males who won fights (Rank et al. 2006) . Alternatively, faster males may be in better physiological condition than slower males, a pattern that has been shown for other insect species (Lovegrove 2004; ClusellaTrullas et al. 2010; Lachenicht et al. 2010) . Either way, fast males mate more and may therefore have a higher reproductive success than slow, less attractive males.
Changes in mating frequency and running speed after exposure to a heat treatment differed among Pgi genotypes. Mating frequency, mating duration, and running speed of Pgi 4-4 males were all higher at the end of running/mating trials than those of 1-1 and 1-4 males. Furthermore, Pgi 4-4 males that were acclimated to mild laboratory conditions recovered mating activity after heat stress to a greater extent than males possessing Pgi-1, though heat treatment reduced running speed and increased Hsp70 expression for all males. This result may be due to natural selection operating directly on Pgi, leading to differences in flow of glucose through glycolysis during activity. It could also be due to selection operating on genes linked to Pgi, either directly or functionally. For example, significant variation in another metabolic gene, mtCOII, has been recently observed in Sierra willow beetles. Larval development rate is fastest when Pgi 4-4 larvae also have a COII haplotype frequent in the south but lowest when Pgi 4-4 larvae have a northern mitochondrial haplotype (S. Heidl, unpublished observations). This concordant pattern may be due to effects of glycolytic activity on later steps in cellular metabolism, as Pgi (nuclear) and COII (mitochondria) are not physically linked. However, other unidentified genes may be physically linked to Pgi and their variation may be part of what is causing variant thermal phenotypes in willow beetle populations, with Pgi a marker for this variation. Either way, these data suggest that males homozygous for the electrophoretically slower Pgi-4 allele are better able to recover mating activity after thermal stress than individuals possessing the faster Pgi-1 allele.
These results are consistent with studies of several species of butterflies, which found that individuals possessing electrophoretically slow Pgi alleles had higher flight activity and (in some cases) mating success after exposure to high temperatures than individuals possessing faster Pgi alleles (Watt et al. 1985; Klemme and Hanski 2009; Niitepold et al. 2009; Karl et al. 2010; Mitikka and Hanski 2010) . These data are also congruent with our earlier studies of Sierra willow beetles, where we show that individuals homozygous for Pgi-4 allele are more tolerant of extreme or repeated thermal stress than individuals possessing Pgi-1 allele (Neargarder et al. 2003; McMillan et al. 2005; Rank et al. 2007; Dahlhoff et al. 2008) . Temperature selection at Pgi is also consistent with allele frequency variation in nature; Pgi-1 is most frequent in populations living in northern, colder sites and Pgi allele 4 in southern, warmer sites; alleles 1 and 4 are in relatively equal frequency in populations intermediate in geography and climate (Rank 1992; Dahlhoff et al. 2000) . The
Effects of Temperature on Willow Beetle Mating Success 439 presence of adaptive variation in Pgi and other genes may become critical to survival of many species, as extreme thermal conditions, which are the result of accelerating climate change, become more frequent in montane and other fragile habitats.
